The polarization of ferroelectric superlattices is determined by both electrical boundary conditions at the ferroelectric/paraelectric interfaces and lattice strain. The combined influence of both factors offers new opportunities to tune ferroelectricity. However, the experimental investigation of their individual impact has been elusive because of their complex interplay. Here, we present a simple growth strategy that has permitted to disentangle both contributions by an independent control of strain in symmetric superlattices.
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The polarization of ferroelectric superlattices is determined by both electrical boundary conditions at the ferroelectric/paraelectric interfaces and lattice strain. The combined influence of both factors offers new opportunities to tune ferroelectricity. However, the experimental investigation of their individual impact has been elusive because of their complex interplay. Here, we present a simple growth strategy that has permitted to disentangle both contributions by an independent control of strain in symmetric superlattices.
It is found that fully strained short period superlattices display a large polarization whereas a pronounced reduction is observed for longer multilayer periods. This observation indicates that the electrostatic boundary mainly govern the ferroelectric properties of the multilayers whereas the effects of strain are relatively minor.
Introduction
Superlattices combining ferroelectric and paraelectric nanometric layers are artificial materials in which electrostatic coupling can induce polarization in the paraelectric material. [1] [2] [3] A plethora of exciting properties have been observed in ferroelectric superlattices, including ferroelectricity in layers only one unit cell thick, [4, 5] polarization enhancement, [5] [6] [7] [8] improper ferroelectricity in PbTiO 3 /SrTiO 3 superlattices, [9] phonon interference effects, [10] negative capacitance, [11] ferroelectricity in superlattices that do not include a ferroelectric layer, [12] or the stabilization of polar vortices confined in ferroelectric layers of long-period superlattices. [13] Electrical boundary conditions in ferroelectric superlattices are critical since the ultrathin ferroelectric layers are in contact with paraelectric layers that are not effective to screen bound charges. [14, 15] Depending on the layers thickness the stray electric fields generated by the ferroelectric dipoles can be confined in/near the ferroelectric layers forming domains or more complex patterns, or they can induce polarization in the paraelectric layer permitting uniform polarization across the superlattice. [1, 6, 16, 17] On the other hand, the ultrathin thickness of the ferroelectric and paraelectric layers limits the plastic relaxation of the epitaxial strain in the superlattice and consequently, short period superlattices under compressive epitaxial stress can be fully coherent with expanded out-of-plane cell parameter and increased polarization. Thus, the superlattice period critically determines the ferroelectricity by the dual influence of mechanical (strain) and electrostatic (interfaces) boundary effects.
The electrostatic coupling in superlattices, and the influence of the superlattice period, was soon confirmed experimentally. [2] [3] [4] [5] 8, 18] Ab-initio calculations predicted that the polarization of symmetric n-BTO/n-(SrTiO 3 or CaTiO 3 ) superlattices [19] [20] [21] increases with the number (n) of unit cells in the layers. [22] However, the opposite result (lower polarization when increasing the superlattice period) was found experimentally in symmetric BTO/CaTiO 3 (CTO) superlattices. [23] Nevertheless, as the BTO/CTO superlattices were found to be more relaxed for higher n, both the electrostatic conditions and the strain conditions varied in the whole set of samples, thus challenging the comparison with theoretical results. Indeed, although the relative contribution of these parameters could not be isolated, it was concluded that the measured reduction of polarization when the period n is increased was dominated by strain relaxation, [23] as supported by earlier theoretical predictions. [19] This issue, of crucial interest on the way towards engineered ferroelectric multilayers, remains unsolved. Some few open questions are: 1) to confirm experimentally the ab-initio calculations of the dependence of polarization on superlattice period, and 2) to isolate experimentally the relative influence of lattice strain and electrostatic boundary conditions on ferroelectric properties of superlattices.
Aiming to contribute to solve these pending questions, here: i) we have grown fully coherent symmetric Mx(n-BTO/n-STO) superlattices (M is the number of the BTO-STO bilayers stacked in the superlattice, and n is the number of unit cells in each BTO or STO layer of the stacked BTO-STO bilayers) for a wide range of period n values, and ii) we have achieved 4 controlling the lattice strain in fully coherent superlattices of a fixed period by changing the deposition rate. Ferroelectric polarization loops were measured for all the superlattices, and it was found that their polarization displays a strong dependence on the period n and, in comparison, a tiny dependence on the lattice strain. Thus, electrostatic boundary conditions in multilayers rule the ferroelectric response, whereas the lattice strain plays a relatively minor role.
Results and Discussion
Fabrication of superlattices requires two-dimensional growth of the layers and accurate 
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Aiming to compare the effects of the number of interfaces and lattice strain, we fabricated two series of Mx(n-BTO/n-STO) superlattices, with fixed total thickness (Mx2n = 120 u.c., corresponding to around 48 nm), on TiO 2 -terminated STO(001) substrates. The growth rate and superlattice geometry of the samples are summarized in Table I It is also noticeable that morphology of terraces and steps occurs on substrates having very different miscut angles, [24] as indicated by the spread of terrace widths ranging from around 80 to around 400 nm. In some of the samples the steps are straight over large distances, whereas in other superlattices, particularly in those on high miscut angle substrates, steps present a higher density of kinks. Also, some dislocation etching pits (square holes few tens of nm wide), caused by the chemical etching to obtain single TiO 2 -termination, are observed in most of the images. formation of defects and its control by either laser fluence or growth rate has been also discussed recently for BTO [25] and STO [26] single films, respectively.
The room-temperature polarization loops of the superlattices of Series I (n from 1 to 10) are shown in Figure 6a . The remnant polarization P r is plotted against the superlattice period n in Figure 5a (solid circles). All the samples display switchable ferroelectric polarization, and even the n = 1 superlattice shows a remnant polarization P r of around 2.9 μC/cm 2 (with spontaneous polarization P s around 6 μC/cm 2 ). The n = 2 sample has the highest polarization, with P r close to 22 μC/cm 2 and P s above 30 μC/cm 2 . The other samples of the series show loops with lower P r as the period of the superlattice increases, presenting the n = 10 sample P r around 2.9 μC/cm 2 . The graph evidences the reduction of the ferroelectric polarization with the superlattice period n, beyond the singular n = 1 superlattice. The polarization loops of the 10x(6-BTO/6-STO) superlattices deposited with different growth rate are shown in Figure 6b . Differences between loops are clearly smaller than those in Figure 6a , indicating that the growth rate has lower influence on the ferroelectric polarization loops that the number of interfaces. The dependence of P r with growth rate (Figure 5b , empty circles) shows moderately lower P r (from around 8.6 to 6 μC/cm 2 ) as higher is the growth rate Figure 5c where the remnant polarization of the superlattices of both series is plotted against the c-axis of BTO. Therefore, it is demonstrated the ruling influence of electrical boundary conditions in comparison with BTO lattice parameter on the ferroelectric polarization.
The observed correlation of the ferroelectric polarization with the superlattice period is a consequence of the dominating influence of electrostatic boundary conditions. The spontaneous polarization measured in the superlattices is plotted against the period n in Figure   5d (solid circles). The n=2 superlattice, with high P r = 22 μC/cm 2 and P s = 30.4 μC/cm 2 likely presents uniform polarization across the BTO and STO layers. Increasing the period to n =10 the reduction in polarization (P r ≈ 2.9 μC/cm2 and P s ≈ 7 μC/cm 2 ) would be the result of domain formation in the individual BTO layers due to the high energy cost of polarizing thick paraelectric layers. [16] [17] [18] Figure 7 sketches the polarization distribution as the period increases from n=2 to more than n=10. The conclusion from our experimental observation agrees with theoretically calculations [16] that considered epitaxially strained 2-BTO/2-STO and 10-BTO/10-STO superlattices. Indeed, Lisenkov and Bellaiche [16] concluded that under compressive epitaxial strain similar to the existing in the superlattices we have investigated, the n=2 superlattice presents at room temperature a uniform ferroelectric phase, whereas the n=10 superlattices develops an unswitchable closed domain structure. The transition between uniform polarization and a polydomain phase was recently predicted [17] and experimentally observed [18] in PbTiO 3 -STO superlattices. The size of domains in BTO-STO superlattices has been experimentally determined by using synchrotron XRD. [27] The measurement of the evolution of domain size with the superlattice period could give a direct evidence of the transition from the uniform ferroelectric phase to the closed domain structure in BTO-STO superlattices.
Conclusion
In conclusion, we have investigated ferroelectric superlattices having different period and lattice strain. It has been shown that for a fixed superlattice period, the lattice parameter can be modified by adjusting the growth rate. The relative influence of interfaces and strain on the ferroelectric properties has been discriminated, and it is found that electrostatic boundary conditions fully dominate the ferroelectric response of the superlattices. The high polarization in short period superlattices associated to uniform ferroelectricity decreases quickly as the period increases and the cost to polarize the paraelectric STO becomes excessive. Thus, a uniform ferroelectric entity, artificial-like ferroelectric material, is limited exclusively to ultrashort period superlattices.
Experimental Section
BTO/STO superlattices were fabricated on STO (001) grown on TiO 2 -terminated STO(001) substrates. [19] The surface morphology was characterized by AFM. The crystal quality and the superlattice spacing was investigated by specular XRD θ-2θ and XRR scans. RSM around asymmetrical reflections of some superlattices were also measured to determine the in-plane lattice parameter. Ferroelectric polarization loops were determined at room temperature in top-top configuration, using a TFAnalyser2000 platform (aixACCT Systems GmbH).
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. 
